Molecular dynamics simulations aimed at analysis of the rotational reorientation of tryptophan and 3-methylindole in water have been performed. The dependence of the rotational relaxation time of tryptophan on several simulation and model parameters has been evaluated. The considerable sensitivity found for particular parameters illustrates the necessity of a detailed analysis before jumping to conclusions regarding the validity of a molecular model and force field based on comparing simulation with experimental data. The best agreement with experimental data is obtained when using the extended simple-point-charge ͑SPC/E͒ model for water together with a reaction-field correction for the long-range electrostatic interactions.
I. INTRODUCTION
Empirical force fields for molecular simulations are parametrized against selected physical properties of a limited number of molecular systems. 1 This means that after parametrization the force field must be characterized and evaluated for other physical properties and molecular systems of interest. Thorough characterization of the range of applicability of a force field is of fundamental importance, as there exists no empirical force field that is able to reproduce with equal ͑high͒ accuracy all physical properties of the types of molecular systems for which it was developed. Characterization yields not only valuable information about the strengths and weaknesses of a force field to its users, but constitutes also an important feedback for its future development. The GRO-MOS96 force field 2 has been parametrized against a variety of properties of, fundamentally, crystals and liquids of small molecules, 3 and is primarily oriented to the study of biomolecular systems.
The evaluation of a force field is done, whenever possible, by comparison of simulated structural, dynamical, and thermodynamical properties to experimental data. For example, the relaxation time for the rotational reorientation of a small molecule in water ͑or other solvent͒ can be used, together with the free energy of hydration ͑or solvation͒, to assess the quality of the nonbonded interactions between that molecule and water ͑or other solvent͒. Experimentally, molecular reorientation can be monitored by fluorescence or absorption anisotropy measurements, following excitation by a polarized light pulse. 4 Tryptophan is the dominant intrinsic chromophore of most proteins and one of the best studied compounds by means of absorption and emission spectral measurements. The fluorescence properties of tryptophan residues contained in proteins are very sensitive to structural changes, substrate or ligand binding, accessibility of solvent molecules, and to the surrounding microenvironment, including pH, ionic charges, and hydrophobicity. 5 Thus, tryptophan has been widely used as a probe of protein and polypeptide structure and dynamics. 6 The calculation of rotational time-correlation functions from molecular dynamics ͑MD͒ simulations requires knowledge of the transition dipole moment directions in the molecule͑s͒ of interest. The absorption and emission spectra of tryptophan and other indole derivatives involve two transition states, usually designated 1 L a and 1 L b , with transition dipole moments in the plane of the indole ring at angles of approximately Ϫ38 and ϩ54 deg, respectively, to its long axis ͑Fig. 1͒. 7 However, the contribution of the 1 L b state to the emission spectra of tryptophan is thought to be small. 8 Rotational relaxation times for tryptophan in water, both experimental and from simulation, were reported a decade ago by Fleming and collaborators. 9, 10 The simulations were mainly based on the CHARMm ͑Ref. 11͒ force field and reproduced ͑to within 7 ps͒ the experimental relaxation times. In some simulations the GROMOS87 ͑Ref. 12͒ force field was used and produced, in combination with the simple-pointcharge ͑SPC͒ ͑Ref. 13͒ and extended simple-point-charge ͑SPC/E Ref. 14͒ models for liquid water, a too fast rotational reorientation for tryptophan and 3-methylindole in water ͑about six times faster than experiment͒. Unlike in the GRO-MOS96 force field, the indole group had no explicit aromatic hydrogens in the GROMOS87 force field. The effect of the lack of explicit aromatic hydrogens on the rotational relaxation time of tryptophan and 3-methylindole should be evident. Furthermore, due to the computational limitations of the time, the results were based on short simulation times ͑Ͻ100 ps͒, using short cut off radii for the nonbonded interactions ͑0.8/1.0 nm͒, and an unfortunate choice of the ratio of the relaxation parameters P and T governing the couplings to the pressure and temperature baths. Here we show that, apart from the molecular model, force field, and solvent model used, simulation length and adequate treatment of long-range electrostatic interactions are also critical factors determining the rotational relaxation time of tryptophan.
When attempting to validate the results of a molecular simulation, the following issues should be considered: 15 
͑1͒
The quality of the theory or model. ͑2͒ The accuracy of the interaction function or force field. ͑3͒ The degree of sampling, statistics, and convergence reached in the simulation. ͑4͒ The quality of the simulation software. ͑5͒ How competently the simulation software is used.
Regarding the validation of the simulated rotationalreorientation relaxation times calc of tryptophan in water considered here, this implies investigation of the following questions:
Ad͑1͒ Is calc sensitive to the choice of transition dipole moment direction, i.e., using 1 L a or 1 L b in the calculation? Is calc sensitive to the inclusion of long-range electrostatic interactions ͑beyond the nonbonded interaction cutoff radius͒ using a reaction-field contribution? 16 Ad͑2͒ Is calc sensitive to the water model used in conjunction with the GROMOS96 force field? Ad͑3͒ Is calc sensitive to the length of the MD simulation, and to the part of the time-correlation function and the procedure used to extract calc from the trajectory?
These questions are addressed by calculating rotationalreorientation times for tryptophan in water using several combinations of model and simulation parameters ͑Table I͒: The results illustrate the sensitivity of calc to some of the varied model or simulation parameters.
II. METHODS

A. Simulation setup
The MD simulations were performed using the GRO-MOS96 package of programs 2 and force field 43A1. 2 The water parameters were those of the SPC ͑Ref. 13͒ and SPC/E ͑Ref. 14͒ models. Trp ͑0͒ ͑tryptophan zwitterion, pH 7͒, Trp ͑ϩ1͒ ͑tryptophan cation, pH acid͒, Trp ͑Ϫ1͒ ͑tryptophan anion, pH basic͒, and 3MI ͑3-methylindole͒ were each placed at the center of a ͑periodic͒ truncated octahedron. The 1 and 2 angles of tryptophan ͑Fig. 1͒ were set, by arbitrary choice, to 90 deg and 120 deg, respectively. The box size was chosen such that the minimum distance from any solute atom to the box walls was 1.4 nm. The boxes of Trp was filled with SPC water, using the same procedure. The systems with tryptophan contained between 815 and 845 water molecules depending on the case. The system with 3-methylindole contained 678 water molecules. Each of the five molecular systems was first energy minimized to obtain the starting configuration for the dynamics simulations. Periodic boundary conditions were applied. Twenty MD simulations were then setup ͑Table I͒. The dynamics of the system Trp ͑0͒ -SPC/E was simulated at four bath temperatures 286 K, 293 K, 298 K, and 303 K, and without and with a reaction field correction 16 for the longrange electrostatic interactions ͑simulations 1-9 in Table I͒ . Trp ͑0͒ -SPC/E was also simulated at 293 K with reaction field for 6 specific rotamers of the tryptophan side chain ͑simula-tions 12-17 in Table I͒ . The 1 and 2 torsional dihedral angles were harmonically restrained 2 to the indicated values with a force constant of 0.1 kJ mol Ϫ1 deg
Ϫ2
. The 6 rotamers shown in Fig. 2 give the solute a different size and shape. The dynamics of the system Trp ͑0͒ -SPC was simulated at 293 K without and with reaction field ͑simulations 10 and 11, respectively, in Table I͒ . The initial velocities of the atoms were taken from a Maxwellian distribution at 273 K. The solute and the solvent were, in all but one simulation, independently, weakly coupled to a temperature bath with a relaxation time T of 0.1 ps. 17 In simulation 9 the solute and the solvent were jointly coupled to a temperature bath of 293 K with a relaxation time of 0.1 ps. In all simulations the system was weakly coupled to a pressure bath of 1 atm ͑Ref. 17͒ with isotropic scaling and a relaxation time P of 0.5 ps, using a molecular virial. 2 Bond lengths were constrained to ideal values 2 using the SHAKE algorithm, 18 with a geometric tolerance of 10 Ϫ4 . The time step for the leapfrog integration scheme was set to 2 fs. The nonbonded interactions were evaluated by means of a twin-range method: The short-range van der Waals and electrostatic interactions were evaluated at every time step by using a charge-group pair list that was generated with a short-range cutoff radius of 0.8 nm. Longerrange van der Waals and electrostatic interactions ͑between charge groups at a distance longer than the short-range cutoff and shorter than a long-range cutoff of 1.4 nm͒ were evaluated every 5 time steps, at which point the pair list was also updated, and were kept unchanged between these updates. The cutoff radii were applied to the centers of geometry of the solute charge groups and to the oxygen atoms of the water molecules. In those cases where the long-range electrostatic interactions ͑beyond 1.4 nm͒ were approximated via a reaction-field correction, the relative permittivity ⑀ 2 outside the long-range cutoff radius was taken from the water model that was used, i.e., ⑀ 2 ϭ54.0 for SPC and ⑀ 2 ϭ62.3 for SPC/E.
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B. Time-correlation analysis
The anisotropy decay was calculated from the simulation trajectories using the time-correlation function,
where ͗¯͘ denotes an ensemble ͑ϳtime͒ average and P 2 ͓¯͔ is the second-order Legendre polynomial. ៝ a and ៝ e are the absorption and emission unit transition dipole moment vectors with components defined in a local coordinate system fixed in the molecule. N and m are, respectively, the total number of time steps and the number of time steps passed at time t m . In the present study a time step of 0.2 ps was used for the calculation of the time-correlation function. The rotational relaxation time calc was obtained from the inverse of the slope of the linear decay of ln͓P 2 (t m )͔ with time t m . For the calculation of the rotational relaxation time of tryptophan and 3-methylindole and comparison with the experimental rotational relaxation times, the absorption and emission were assumed to be solely due to the 1 L a state, 10 i.e., ៝ a and ៝ e were taken to be parallel and oriented at Ϫ38 deg from the long axis in the molecule ͑Fig. 1͒. Nevertheless, independent 1 L b absorption and emission, i.e., ៝ a and ៝ e parallel and oriented at ϩ54 deg from the long axis ͑Fig. 1͒, was also considered and the corresponding rotational relaxation times calculated. 1 ϭ60°, 2 ϭϪ90°; ͑b͒ conformation in simulation 13: 1 ϭ60°, 2 ϭ90°; ͑c͒ conformation in simulation 14: 1 ϭϪ60°, 2 ϭϪ90°; ͑d͒ conformation in simulation 15: 1 ϭϪ60°, 2 ϭ90°; ͑e͒ conformation in simulation 16: 1 ϭ180°, 2 ϭϪ90°; ͑f͒ conformation in simulation 17: 1 ϭ180°, 2 ϭ90°.
III. RESULTS AND DISCUSSION
The calculated relaxation times for the rotational reorientation of Trp ͑0͒ ͑simulations 1-17͒, 3MI ͑simulation 18͒, Trp ͑Ϫ1͒ ͑simulation 19͒, and Trp ͑ϩ1͒ ͑simulation 20͒, are shown in Table II . Simulations 1-4 (Trp (0) -SPC/E without reaction field͒ were 1 ns long. The relaxation times obtained from the analysis of the first 0.5 ns of simulations 1-8 showed that a better agreement with experiment was obtained from the simulations with reaction field. Therefore, simulations 5-8 (Trp (0) -SPC/E with reaction field͒ were extended to 2 ns to obtain converged relaxation times. The results from the first 0.5 ns of simulations 1-8 are shown to illustrate the dependence of the results on simulation time. In the simulations of tryptophan the temperature of the system was systematically slightly higher than the bath temperature. This is due to heat generated by the truncation of the electrostatic interactions, which in general results in small numerical noise in the integration of the equations of motion. In the single case in which there are no charges ͑3MI-SPC/E, simulation 18͒ the noise due to the truncation of the electrostatic interactions is low, and the temperature is maintained exactly at the bath temperature. In the simulations with a reaction field correction for the long-range electrostatic interactions, the temperature of the system is about 2 K lower than in the simulations where the long-range electrostatic interactions ͑beyond 1.4 nm͒ are completely ignored. The experimental relaxation times for tryptophan are highly dependent on temperature ͑Table II͒. For this reason, the simulation relaxation times were compared to relaxation times extrapolated to the temperature of the simulation from the experimental relaxation times. We note that the uncertainty in the experimental relaxation times is fairly large due to the complexity of the interpretation of the fluorescent behavior of tryptophan in water solution.
9,10,21, 22 The relaxation times for 3MI and Trp ͑Ϫ1͒ could not be extrapolated to the simulation temperature, as we had the experimental value for only one temperature. We did not find experimental relaxation times for Trp ͑ϩ1͒ . As mentioned in the methods section, the relaxation time was obtained from the inverse of the slope of the linear decay of ln͓P 2 (t m )͔ with time t m . The first ps was ignored, as it is likely to be reflecting small vibrational motions. P 2 (t m ) and ln͓P 2 (t m )͔ from simulation 5, for 0.5 ns and 2 ns sampling periods, are shown as example in Fig. 3 . In some cases more than one slope could be observed in the first part ͑ap-proximately 40 ps͒ of the function ln͓P 2 (t m )͔. Whenever this is the case, a second relaxation time calc is given in Table II , which was calculated using a second part ͑period t LR ) of the time-correlation function. It is not clear, however, how relevant this second estimate of calc is. To give an idea of the representativeness and precision of the computed relaxation times, the time interval t LR of the time-correlation function from which they are obtained as well as the correlation coefficient of the linear regression are given in Table II . Inspection of the time-correlation functions ͑not shown͒ shows a qualitative difference between regressions with values above and below 0.999.
As expected, 10 the rotational reorientation around the 1 L b axis is in general slower than that around the 1 L a axis ͑Table II͒. We will centre the discussion on the calc ( 1 L a ) values, as they should be the most directly comparable to the experimental rotational relaxation times. Comparison of the calc ( 1 L a ) from simulations 1-4 with those from simulations 5-8 suggests that the inclusion of long-range electrostatic interactions via a reaction-field correction enhances the temperature dependence of calc ( 1 L a ). Moreover, the values obtained from simulations 5-8 are very close to the experimental ones. They are also in most cases representative of longer time intervals of ln͓P 2 (t m )͔ with slightly better correlation coefficients.
If in a simulation with explicit solvent the solute is very small, i.e., has few degrees of freedom, independent coupling of solute and solvent to a temperature bath can result in the dynamics of the solute being primarily driven by the bath. To investigate whether a joint, global coupling would be better in this case, in simulation 9 the solute and solvent degrees of freedom were jointly coupled to a temperature bath at 293 K. Comparing calc ( 1 L a ) from simulations 2 and 9 it could be concluded that there is no major difference between an independent and a global coupling of solute and solvent to the temperature bath. However, when the temperatures of the solute and solvent are examined separately, it is seen that with a global coupling the temperature of the tryptophan molecule ͑ϳ225 K͒ is far below the temperature of the whole system ͑ϳ298 K͒. Fleming and collaborators 9, 10 had used in their calculations a global coupling to the temperature bath with a relaxation time T of 0.5 ps, and used also a relaxation time P of 0.5 ps to couple the pressure of the system to a pressure bath of 1 atm. This was an unfortunate choice. First, use of a global coupling of solute and solvent to a temperature bath can result in a relative freezing of the solute molecule. Second, a relaxation time of T ϭ0.5 ps results in a fairly weak coupling, which is insufficient to keep the system temperature close to the bath temperature when a relatively short cutoff radius for nonbonded interactions is used. Third, since the definition of the pressure depends on the kinetic energy 2 the pressure coupling should be chosen weaker ͑longer relaxation time͒ than the temperature coupling, i.e., P Ͼ T . It is not clear to which degree the discrepancy between the GROMOS87 and experimental rotational reorientation times reported in Refs. 9 and 10 is due to this unfortunate choice of simulation parameters or to other factors. The SPC water model has a lower dipole moment than the SPC/E model. The rotational reorientation of tryptophan in SPC water is therefore expected to be faster than in the more polar SPC/E water. In simulations 10 and 11 ͑Table II͒ calc ( 1 L a ) is indeed shorter than in the corresponding simulations 2 and 6.
The torsional dihedral angles 1 and 2 of the side chain of tryptophan sample dihedral space rather slowly in the simulations. The time evolution of the two angles in simulations 5-8 is shown in Fig. 4 
IV. CONCLUSIONS
Rotational relaxation times have been calculated for tryptophan and 3-methylindole in water with the GROMOS96 force field, and the sensitivity of the obtained relaxation times to the choice of several model and simulation parameters has been evaluated. The rotational reorientation time depends critically on the solvent model used, on the inclusion of long-range electrostatic interactions, on the location of the transition dipole moment vector in the solute molecule, on the size and shape of the solute molecule, and on the temperature of the system. Almost no sensitivity to the total charge of the solute molecule was observed. The best agreement with experiment is observed when using the force field in conjunction with the SPC/E water model and a reaction field correction for the long-range electrostatic interactions. Use of the less polar SPC water model leads to a rotational relaxation time for tryptophan of almost half the experimental value.
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